The Helmholtz free energy function characterizing the transition probabilities of the various pore states con?ains the surface energies of the pore wall and the planar bilayer and. if an electric field is present. also a dielectric polarization term (dominated by the polarization of the water layer adjacent to the pore wall). Assuming a Poisson process the average number of blocks in a pore wall is given by the solution of a non-linear differential equation. At subcritical electric fields the average pore size is stationary and very small. At supercritical field strengths the pore radius increases and. reaching a critical pore size. the membrane ruptures (dielectric breakdown). If, however. the electric field is switched off. before the critical pore radius is reached. the pore apparently completely reseals to the closed bilayer configuration (reversible electroporation).
Introduction
Biological membranes are known to become transiently more permeable by the action of short electric field pulses [1, 2] when a certain threshold vaiue of the field strength is exceeded [l] . The electrically induced permeability increase leads to a transient exchange of matter across the perturbed membrane structures. When two membranes are in ciose contact with each other electric fields not only enhance material exchange but also cause membrane-membrane fusion [3-S] . A further aspect of electric field effects on membrane structures is the artificial transfer of macromole- or particles into the interior of biological cells and organelles [6, 7] . Recently, it was shown that homogeneous electric fields can be used to transfect culture cells in suspension with foreign genes [S] .
The mechanism of electrically induced membrane permeability changes is not known. There are various proposals and estimates [1,6- 121. It appears that high electric fields cause pores to form in the membranes [l-14] ; the fundamentals of a general thermodynamic treatment of electric pore formation (electroporation) were given [S] . In any case, the primary action of electric fields is on the charges and dipoles of the membrane, favouring charge and dipole configurations associated with a larger overall dipole moment. This in turn may lead to a thinning of membrane patches and to an increase in the defects in the membrane structure and, finally.
to the formation of holes [Xl I]_ Moiecuiarly. in the framework of the inverted pore model [ll] . the pore edge is assumed to be a curved half-toroid surface [11.14-161. This edge concept [15] may have been borrowed from the Hartley model for micelles 1171. In particular. Fromhetz [18] For the sake of a rough comparison the periodic block structure of the wall may be associated with the surface tension (y,,,) of the cholesterol bilayer/water ( y,,, = 2 X lo--' N/m [11.19] fig. 3 ). A second shift of lipids in between the two rotated block builds up again an energetically favourable periodic state (U + 1) with ( hr + 2) blocks. If a x-X-T (the molecular thermal energy). porr formation is n r~~re event. The extremely low conductivity of planar bilayers at low transmembrane voltage confirms the inequality CY x=. kT.
Thermodynamics of electroporation in planar bilayers
The conductivity changes in planar lipid bilayers. observed when the transmembrane voltage exceeds a threshold value. have been analyzed in terms of membrane pores [11.20] . In an attempt to describe thermodynamically the electric field-induced pore formation (electroporation) let us recali the Mueller-Rudin bilayer system ( fig. 4 ). Here. the electroporation process occurs in a closed two-phase system: the planar lipid bilayer and the torus on the one hand and the aqueous electrolyte solution bathing the lipid phase in between a planar plate condenser on the other.
Since during electroporation volume changes may occur (electrostriction) the appropriate thermodynamic work function is the Helmholtz free energy F. In a homogeneous electric field the change in the Helmholtz function is given by 121.221:
where S is the entropy, T the absolute temperature. P the pressure, u the volume, and pj and tz, the chemical potential and the amount (in mol) of component j of the homogeneous phase, respectively: y is the surface tension and A the surface area: A4 is the overall electric dipole moment (parallel to E in plate condenser geometry: fig. 4 ).
In order to have the electric field strength as an independent variable, a transformation of F to the (for electric field effects) characteristic Helmholt; free energy F is necessary 121,221 according to
Noting that d( EM) = EdM + Md E substitution of eq. 2 into 3 yields
is recalled that it is F (and not F) that has a minimum at equilibrium in the presence of an externally applied electric field [22] . For a multiphase system the total change in F is given by dF=-SdT-Pdv~CClr~dnr~CyndAO--CMndE." = I II "
(51 where the summations are over all phases n and interfaces 0. In the simplest case the electroporation process is considered at a constant voltage V between the condenser plates. at constant temperature and constant external pressure_ During pore formation lipid molecules move from the metastable bilayer phase [ll] of volume ~;n into the torus of volume L;_ At the same time solvent molecules 'fill' the pore volume ur from the bulk solvent phase of volume u,. Because u, X+ u,,, and 9 ZZ=-uP both the torus and the bulk solvent phase may be considered as large reservoirs. Therefore.
the chemical potentials CL, and p*, of the lipid and the solvent molecules. respecGvely. foIIow the approximations P 1 .,I, = k, and P._~ = p,. During pore formation rhe system remains closed. hence dn,., = -dtz,_,,
Therefore_ in eq. 5 we may approximate Pdr: = 0 and ~C,~,$'d:'d~~ = 0. Undcr these conditions and at constant temperature. pressure and volume. eq. 5 reduces to
For a single pore (p) the change in the characteristic Hrlmholtz free energy may be written in two tCCm5:
w1wre for the txvvo-phase system the surface tension term is given by Jr; = y,J.4, + yn,J..fm (8) and the electric polarization term is expressed as
The subscripts p and m refer to the pore region (p) and Ihc normal planar bilayer (m). respectively.
In our pore model ( fig. 1 ) the pore surface LA, :lxsocialed kvith yr has two contributions. In addition to the cylindrical inner surface 277 -r. d there arc the two rings of the planar part of the pore \vall. Hence 
The relative change in the torus surface may be assumed to be negligibly small in view of u, s=-u,,,; the large torus volume increases by the small value of UP_
We now introduce the pore size N from eq. 1 into eqs. 10 and 2 1 and substitute into eq. 8. After term rearrangement. 
Ekckc pofurixtiou lerms
The continuum expression for the electric polarization of material of volume u in a homogeneous electric field E is given by M=c,,(c--1)rE (14) where co is the permittivity of a ~:acuum and E the relative dielectric permittivity. Since during electroporation bilayer volume disappears at the ex- The electric field within the solvent-filled pore is inhomogeneous. decreasing from the value E,,, in the pore wall/solvent interface toward the pore center. We now define a layer of sol-;ent molecules adjacent to the inner cylindrical part of the pore wall. of thickness Ar* ( fig. 1) In large pores (r S-Ar*) it is only the solvent It is remarked that yP may be derived from x0 by eq. 13_ The edge energy (y* = 10-t' N /11,15]) of our model is given by x0/l= 0-F i< 10-r' N: with this value eq. 13 yields y,, = 1.9 X 10V3 N/m, consistent with previous estimates.
In fig. 5 
At higher
voltage our model shows a qualitarivcly new phenomrnonr there is a second critical voltage ii"'. beyond which a globai minimum ir_ J!,,'R7' appears at Iarge pore sizes (IV 2 500).
I.argt' pores at I' > Vz') become stationary stable ~vhcn the (unfavourable) surface tension terms are halanced hy the (favourable) electric polarization tcrmx (set cqs. 7 and 24). Eq. 24 yields the second when the voltage is switched off the pore is already so large that the size increases further until rupture (dielectric breakdown) occursS. However_ in any real case of a Miiller-Rudin bilayet there will be several pores developing in a planar bilayer. Pores of increasing size may over-:ap and the membrane may rupture before the region of stabIe pore size for single pores is allained.
Thermodynamics of electraporatinn in vesicles
Tlanslent permeability changes caused by electric field guises were first found in vesicular ceI1 organeifes [I]_ Be-ause of the Iack of the buffering torus (of planar bilnyer systems) electroporation in vesicles is associated with different surface changes. In addition, whereas planar bilayers are metastable systems the bilayers of large vesicles may be considered ab equilibrium systems-The reference areas for the field-induced pore formation are the curved inner and outer bilxyer surfaces of the area A, in the absence of pores. When pores are present the total surface of the v&cle exposed to solvent is larger than A, by the inner cylindrical area 2m-d of a pore of radius J-. The change in surface area LEA during the formation of a tingle pore is given bY J/i = JA, + J/t, = tl, +ZsrJ -A, (27) Analogous to the treatment of planar bilayers our periodic block model yields: 
and eq. 9 for the electric polarization terms. Finally, the changes in the characteristic HelmhcJtz free energy of the formation of a single pore in a vesicle are: (a) small pores (r < dr*) In fig_ 6 thz stability regio,:s of pores in vesicles are shown at various transmembrane voltages in terms of the molar ratio AF,,/RT.
In the framework of our model, pore formation in vesicles is always reversible and no rhpture occurs. In reality. where I%(u) and S(G) represent the 'rate constants' or transition probabilities per unit time for the steps u -+ (a + 1) and LI + (a -1). respectively_ -(a + 1) transitions. The rate-limiting step of this transition is the diffusion of lipids from J.2 bulk biiayer into the pore wail; that may occur at N different sites in one layer of the pore wall or at N' sites independently in both layers of the bilayer ( fig. I)_ A ~v_,v+l refers to the free energy difference between pore size N + 1 and IV. Note that the surface energy of the periodic block structure in a pore wall is lower by the energy a compared to that of the aperiodic structure ( fig. 3) .
We now apply eqs. 23 and 24 to three limiting cases: (a) N + 1 c N* (small pores) associated with the transition probability I@(a) = G'(a).
JF'.,.,,,= P(V)E"-Em The state transition a + (U -1) is dominant during the resealing of pores. Ana!ogous to eq. 33 the transition probability of the u + (a -1) step is given by r?(u)&= (UZ~'/~)CIXF(--J~~.,~_,/X.~)
The rate-limiting step of the resealing process is the movement of a non-rotated black (figs. 2 and 3) from the pore wall edge into the bulk bilayer. Within one layer annealing of a non-rotated block can be realized N/2 times and in the two layers the number of realizations is (N/2)'. Analogous to eqs. 34-36 we obtain: (a) N < IV* (small pores), <Y(a) = iY(ci). 
Master equation of eleciroporaIion
The probability of occurrence of state u at time I+ At is given by   P(a.ridr)=~~(u-1)4rP(o--1-r) +tP ( fig. 7 , There are two lines in this diagram (attraction lines) on which the average pore size is stationary and stable at a given transmembrane voltage. The phase diagram contains two domains which are associated with critical voltages V,") and Vc('), respectively; I$') > VCCrl. They are called reversible electroporation domains (1 and 2). Within these domains the right-hand side of eq. 45 is negative, i.e., resealing to a smaller stationary pore size occurs, Outside these reversible electroporation domains the right-hand side of eq. 45 is positive, i.e., the pore size increases at a given voltage.
For I/= 0 and N* = 6 our model yields the stable stationary solution, (N), = 1.5 X 10m3, i.e., the average value of N in the absence of a transmembrane voItage is very small. At V< V:t) the pore size (N) increases but remains small: switching off the voltage in this range leads to a (reversible) return of the system to (N)a (see, for instance, the pathway a --, b --+ 6' --, a; fig. 7 ).
The two reversible electroporation domains are separated from each other by a rupture domain. Within the tra.nsmembrane voltage range VJ') r: V < V!') the pore size a? constant voltage may increa'se unlimited until the membrane ruptures. if. however, the voftage is switched off before the pore size has attained a critical value (N),, the system 'jumps' into the reversible electroporation domain (I) and ib 'attracted' to the stable stationary attraction line (I) (see, for example, the pathway a + c --+ e + f + a; fig. 7 
Resealing of ion conducting bilavers
When the electric pulse is switched off before the critical pore size (N), is attained, the mem- In fig. 9 the dashed curve represents eq. 46 in terms of the relative resealing time given by [( -X)/T] exp( -a/kT). The solid curve is calculated from eq. 46 in terms of (N)' -(NX,)' where (Iv,,) is the average threshold pore size [20] . For (N) c ( N1,,) no ions are conducted anymore. The shape of this (solid) curve is the same as that of the experimental conductivity vs. time curves [20] . Therefore, as is physically plausible, the ion conductance is proportional to N" (i.e., the surface of the pore mouth)_ When we now use the same scaling factor T-'exp( -rr/kQ = lo4 s-' as for the pore formation, the time constant associated with the linear section of the function ln(( N)' -( Nrh)') is found to be 0.55 ps. This value is exactly the relaxation time of the faster part of the experimental resealIn summary, our periodic block model for pores in lipid bilayers appears to be consistent with basic features of observed electroporation phenomena. The fundamental process of pore formation is the block rotation by about 90° comprising (two) nearest-neighbour lipids. The driving force for block rotation in electric fields is the electric polarization of the polar solvent molecules (adjacent to the polar head groups of the lipids) which are transported by lipid rotation into the region of the larger electric field spreading irom the pore wall into the solution of the pore interior.
